Evidence for plumes of water on Europa has previously been found using the Hubble Space Telescope using two different observing techniques. Roth et al. found line emission from the dissociation products of water. Sparks et al. found evidence for off-limb continuum absorption as Europa transited Jupiter. Here, we present a new transit observation of Europa that shows a second event at the same location as a previous plume candidate from Sparks et al., raising the possibility of a consistently active source of erupting material on Europa. This conclusion is bolstered by comparison with a nighttime thermal image from the Galileo Photopolarimeter-Radiometer that shows a thermal anomaly at the same location, within the uncertainties. The anomaly has the highest observed brightness temperature on the Europa nightside. If heat flow from a subsurface liquid water reservoir causes the thermal anomaly, its depth is ≈1.8-2 km, under simple modeling assumptions, consistent with scenarios in which a liquid water reservoir has formed within a thick ice shell. Models that favor thin regions within the ice shell that connect directly to the ocean, however, cannot be excluded, nor modifications to surface thermal inertia by subsurface activity. Alternatively, vapor deposition surrounding an active vent could increase the thermal inertia of the surface and cause the thermal anomaly. This candidate plume region may offer a promising location for an initial characterization of Europa's internal water and ice and for seeking evidence of Europa's habitability.
Introduction
Europa is perhaps the most exciting astrobiological target in the solar system. While Mars may have hosted liquid water oceans in the geological past, there is strong evidence that Europa has a saline, liquid water ocean at the present time (Kivelson et al. 2000) . With a rocky mantle submerged beneath 100 km of water, and surface ice heavily processed by Jovian radiation, the energy and ingredients required for life may be present in abundance (Chyba 2000; Chyba & Hand 2001; Hand et al. 2007 Hand et al. , 2009 . There is substantial evidence that exchange occurs between the ocean and surface through a variety of mechanisms on geologically short timescales. Complex areas of brownish-red material may have been sourced from within the moon, arising from geologic processes that involve melting of the ice shell (Pappalardo et al. 1999; Figueredo et al. 2003; Figueredo & Greeley 2004; Schmidt et al. 2011; Kattenhorn & Prockter 2014) . Active cryovolcanism has been considered as a transport mechanism, which would result in recent deposition onto the surface from liquid reservoirs below (Fagents et al. 2000; Fagents 2003; Figueredo & Greeley 2004; Miyamoto et al. 2005) . Although "viable," no unequivocal evidence of extrusive cryovolcanism has been detected (Fagents 2003) . Cryovolcanos (or cryogeysers) would provide relatively easy access to such Europan water, without the need to penetrate the thick, global ice shell. It has also been hypothesized that shallow water reservoirs encased within the ice are related to the formation of chaos terrain and could lead to localized water vapor venting (Collins & Nimmo 2009; Schmidt et al. 2011; Walker & Schmidt 2015) . Transient venting may also arise from rapid boiling of cryolavas erupted onto the zero-pressure environment of the Europa surface (Allison & Clifford 1987; Fagents 2003; Quick et al. 2017 ).
The discovery of hydrogen and oxygen line emission beyond the limb of Europa (Roth et al. 2014 ) raised the likelihood of observable, active water vapor vents on Europa. Sparks et al. (2016) sought plumes in 10 far-ultraviolet (FUV) images of Europa, obtained using the Space Telescope Imaging Spectrograph (STIS) on board Hubble Space Telescope (HST) as Europa transited Jupiter, by looking for absorption of Jupiter's smooth reflected sunlight. Statistically significant evidence for off-limb absorption was found on three occasions, adding to the evidence for contemporary plume activity. Of paramount importance in establishing the reality of a transient or intermittent phenomenon is whether it repeats. A new FUV transit image of Europa, obtained on 2016 February 22, presented here, shows a dark patch of similar character and location to the one seen on 2014 March 17. We also show that this position coincides with a thermal anomaly identified using the Galileo spacecraft Photopolarimeter-Radiometer (PPR) instrument (Spencer et al. 1999 ).
Observations
Subsequent to the analysis of Sparks et al. (2016) , two more Jovian transit observations were obtained of Europa with HST/ STIS, using the F25QTZ far-ultraviolet long-pass filter. The F25QTZ filter has a pivot wavelength of 159.6 nm, and full width half maximum (FWHM) of 23.2 nm, but with an uncertain amount of redleak; see the discussion in Sparks et al. (2016) . This filter has a somewhat redder shortwavelength cutoff than the F25SRF2 filter, pivot wavelength 145.2 nm, and FWHM 28.2 nm, used previously, but is otherwise very similar. (The F25QTZ eliminates auroral and geocoronal [O I] and had the potential to reduce the number of STIS buffer dumps.) The observations were obtained in TIME-TAG mode as the image of Europa was drifted across the STIS detector. Table 1 summarizes the observing parameters of the new data. Data processing followed the procedures of Sparks et al. (2016) for geometric correction, flat-fielding, and techniques for assembling images from TIME-TAG data, including both the target Europa image and model images of the Jovian background. The 2016 February 22 observation was obtained with the image of Europa located in a different region of the STIS detector, and the orientation of the telescope was rotated 166°relative to the 2014 March 17 observation.
In the far-ultraviolet:
1. Jupiter is smooth, dominated in appearance by scattering from high level hazes in the Jovian atmosphere. 2. The motion of Jupiter relative to Europa during an observation further reduces its apparent contrast due to smear.
3. The ice of Europa is dark. 4. The scattering cross-sections of molecules of interest-H 2 O, O 2 -are high, maximizing their capacity to attenuate background light. 5. Micron-sized ice grains, which contribute to the composition of Enceladus's plumes, scatter light effectively in the far-ultraviolet. 6. The spatial resolution of HST is near its highest. The diffraction limit of HST at 150 nm is ∼13 mas. At a distance of 4.5 au, 13 mas corresponds to 42 km. Diffraction limited structure is seen even though the HST point-spread function (PSF) in the FUV is complex (Sparks et al. 2016 ).
Results
The 2014 March 17 image shows a compact, dark patch at latitude 16°. 5 S, protruding from the trailing limb to an (1999) . There is a thermal anomaly with elevated brightness temperature north and west of the crater Pwyll. This location in fact has the highest brightness temperature in the observed nighttime, even though it is near local dawn and has hence been in darkness for a lengthy period of time. The position of the thermal anomaly is essentially identical, within the uncertainties, to that of the candidate plumes, and hence we discuss the implications of a potential causal relationship between the two.
Discussion
Proposed mechanisms to create plumes include explosive release of volatile compounds dissolved within water as confining pressure is removed (Crawford & Stevenson 1988; Pappalardo et al. 1999; Fagents et al. 2000) , and pressurization and fracturing due to expansion of ice as an enclosed water cavity freezes (Pappalardo et al. 1999; Fagents et al. 2000; Schmidt et al. 2011; Walker & Schmidt 2015) . Subsequent collapse of such a cavity may be implicated in chaos formation (Schmidt et al. 2011 ). Vapor release, or surface venting, due to boiling associated with the effusion of liquid cryolavas can also, in principle, result in plume activity (Allison & Clifford 1987; Fagents 2003; Quick et al. 2017) .
Inspection of Figure 2 reveals a wide variety of terrains within the region of interest. In particular, (1) two dark lineae, one of which appears to be a continuation of Phineus Linea, running approximately east-west are presumably fractures like other Europan lineae; a low-density linear plume arising from these fractures could have high projected column density when seen almost end-on in the HST viewing geometry; (2) a number of small dark patches likely to be chaos regions. The uncertainty ellipse also contains several small dark spots that are probably examples of the "pits, spots, and domes" seen in high-resolution images of other parts of Europa (e.g., Collins & Nimmo 2009 ). These features, particularly when associated with low albedos, are thought to be localized disruptions in the ice crust, similar to, but smaller than, classical chaos regions, and tend to be geologically recent, and thus are also plausible sources of plume activity. All of the above features can potentially be associated with cryovolcanism of various forms (Pappalardo et al. 1999; Fagents et al. 2000; Fagents 2003; Quick et al. 2017 ) and hence can be related to plume phenomena. Spencer et al. (1999) considered both endogenic heat conducted through the lithosphere, and modification of the surface thermal inertia (which is sensitive to porosity, and the nature of grain-tograin contacts), as possible causes for thermal anomalies and large-scale temperature variations across the Europa nightside. They concluded that on a global scale, variations in thermal inertia are the most likely cause of the nighttime temperature variations seen on Europa, a result supported by the more detailed analyses of Rathbun et al. (2010) .
Locally, however, endogenic heat sources remain a possibility. The Galileo PPR data (Figure 2(b) ) have a spatial resolution of 110 km pixel −1 (Rathbun et al. 2010) , hence the anomaly of Figure 2 (b) is extended over several hundred kilometers. Inspection of Figure 1 of Spencer et al. (1999) indicates a base temperature of T 1 ≈93.5 K, reaching T 2 ≈95 K at the center of the "warm" region, with an average diurnal temperature of T a =100-105 K. If endogenically generated, the observed temperature difference requires a heat flux Q≈0.28 Wm −2 . From the heat conduction equation (Fourier's Law), Q=−κ∇T, where κ is the thermal conductivity, the consequent depth to liquid water at T b =260-273 K is H ≈1.8-2.0 km, assuming that for ice κ=488.2/T+ 0.47 Wm −1 K −1 (Hobbs 1974) . The range in H corresponds to the stated ranges of upper and lower temperature boundary conditions, T a , T b . An uncertainty of 0.5 K in each of T 1 , T 2 , the thermal anomaly amplitude, results in a 28% uncertainty in Q and hence an uncertainty of 0.6 km in the ice thickness, H, in addition to the systematic range arising from the temperature boundary conditions above, under the endogenic heat assumption.
Tidal heating models exclude such a large heat flow globally, although there are plausible mechanisms that could produce a locally high heat flux. These include a near-surface liquid water reservoir (Schmidt et al. 2011) , local convergence of tidal forces (Rhoden et al. 2015) , and oceanic hydrothermal plumes above which locally thin ice may form (Goodman et al. 2004) . Liquid reservoirs within the ice layer may arise from melting above rising ice plumes or "diapirs," which likely have both compositional and thermal buoyancy (Pappalardo & Barr 2004) , and other manifestations of convection within the ice shell, or tidally enhanced melting of such plumes.These are most likely to form between 3 and 5 km from the surface where reasonable eutectic melting points exist (e.g., Sotin et al. 2002; Collins & Nimmo 2009; Zolotov & Kargel 2009; Schmidt et al. 2011) . While conjectured as an option to create a melt reservoir within the ice, independently of the presence of plumes, such subsurface activity can, in and of itself, lead to modification of the surface thermal inertia (Fagents et al. 2000) , hence also yielding a potential association of plumes and thermal characteristics. Injection of water into the subsurface may also be possible (e.g., Ojakangas & Stevenson 1989; Craft et al. 2016) , although fractures through the ice shell are difficult to form (Goldreich & Mitchell 2009; Walker et al. 2012; Walker & Schmidt 2015) . Models that favor thin regions within the ice shell that connect directly to the ocean also cannot be excluded (Carr et al. 1998; Greenberg et al. 2002) .
Alternatively, the thermal anomaly may be caused by a locally higher value for the surface thermal inertia related to a deposition blanket from an erupting vent. To reach a height of 99 km, an ejection speed of ≈510 m s −1 is required for a ballistic trajectory, while Roth et al. (2014) . Such speeds and consequent plume heights are higher than generally expected from theory (Fagents 2003; Quick et al. 2013) , and imply a high vapor content for the plume (e.g., in the explosive venting of volatile bearing liquid water studied in detail by Fagents et al. 2000 , where high gas content is also required). The thermal velocity of water vapor is approximately 500 m s −1 at ∼175 K, characteristic of Enceladus plume velocities (Hansen et al. 2006; Nimmo et al. 2007 ) and similar to velocities implied by the current observations, though detailed plume models are beyond the scope of this work.
Although the escape velocity of Europa is ≈2.0 km s −1 , causing most of the vented material to fall back to the surface, the great distances to which H O 2 molecules would nevertheless travel may result in very widely dispersed deposits and a negligible visible signature. Active cryovolcanism in the ballistic regime would produce a deposition layer extending to a radius approximately twice the height (Fagents et al. 2000; Quick et al. 2013) , comparable in extent to the thermal anomaly. Freshly deposited material, such as condensed water vapor, extended over such an area, is likely to exhibit different thermal characteristics from its surroundings. While porous "snow-like" material is expected to have lower thermal inertia, contrary to inference, condensing water vapor from a plume could plausibly contribute to surface sintering, increasing the thermal inertia of the deposition region around the plume and thereby causing the thermal anomaly. There are no obvious anomalous albedo features; however, that does not preclude a modification to the thermal inertia (by analogy, the dramatic thermal inertia anomaly seen on Mimas's leading side, Howett et al. 2010 , is barely detectable in visible wavelengths). In this scenario, there are no required constraints on the ice thickness. A higher thermal inertia could also result from compositional differences, e.g., salts or other endogenous materials, but such hypotheses are hard to constrain given limited spectroscopic data (e.g., Carlson et al. 2009) .
If the plumes and thermal anomaly are causally related, an activity timescale of at least ∼20 years is implied (1998 September to 2016 February), an individual eruption timescale of ∼1 hr (45 minute observation duration), and a plume duty cycle of 17±12% (2 events from 12 observations).
There are significant caveats concerning the presence of the plume candidates and their association with thermal structure on Europa: there is no obvious evidence of unusual morphological or albedo signatures associated with the thermal anomaly, nor centered on the candidate plume, consistent with the null result of Phillips et al. (2000) who sought morphological evidence of ongoing geologic activity on Europa. It could, however, be that the plume deposits are sufficiently tenuous that they were undetectable by the combination of Voyager, Galileo, and New Horizons (Phillips et al. 2000; Phillips 2015) . Also, the statistical significance of the plume candidates is not completely definitive: while random Poisson fluctuations are unlikely given the coincidence of two 4σ events discussed herein, the further possibility of subtle, transient systematics remains, given the complex PSF of HST in the FUV (Sparks et al. 2016) . It is also possible that the elevated brightness temperature in the region of interest is completely unrelated to the plume phenomenon, as, presumably, are temperature variations elsewhere on Europa, in which case the positional coincidence would be just that: a coincidence.
To mitigate potential problems, and eliminate small-scale detector artifacts, the image of Europa was drifted across the detector during the observation. The 2016 observation was also taken with Europa located in the opposite quadrant of the STIS detector, with the orientation of the telescope rotated 166°r elative to the 2014 observation. This disfavors, though does not completely eliminate, the possibility of a PSF anomaly coupled to a hypothetical surface feature influencing the exterior limb region. Face-on images of the trailing hemisphere, however, show no apparent dark spot, and for this observation, the solar illumination angle is such that the terminator is on the leading hemisphere, precluding a dark spot introduced by the solar illumination pattern on the trailing hemisphere. We do not know of any artifacts that would introduce the appearance of the off-limb dark patch (plume candidate) in the HST data, but stress that we are working at challenging wavelengths for HST and that there may be lessons yet to be learned. The combination of two very similar plume candidates in the same location, and the presence of a thermal anomaly at the same location, leads us to conclude that the evidence does, on balance, favor the plume phenomenon hypothesis, while acknowledging that unlikely events and coincidences do occur and that the statistical significance of the plume candidate (≈4.9σ) is not a secure ?5σ result, which would be preferred.
Conclusions
We have presented additional evidence for sporadic or intermittent contemporary plume activity on Europa. A new HST plume candidate, seen as a possible absorption feature against the smooth background of Jovian scattered ultraviolet light, coincides in position not only with a similar previously identified candidate, but also with the peak brightness temperature position of a nighttime thermal anomaly identified by Spencer et al. (1999) . The coincidence of two plume candidates at the same relatively well-defined location, separated by two years, improves the statistical likelihood that they represent a physical phenomenon associated with Europa, although we are working with data that are close to the limit of HST's capabilities and there may yet prove to be unsuspected image artifacts. With a priori reason to anticipate a thermal signature of plume activity, as on Enceladus, the spatial coincidence of the plume candidates with a zone of elevated temperature seen by Galileo on the Europa nightside adds to the intriguing nature of this location. Under the two assumptions that (a) the plume candidates are real and (b) the association with the elevated temperature is causal, the physical implications are that either the thickness of ice above liquid water is relatively small, or that vapor deposition is responsible for modifying the surface thermal inertia (without implications for ice thickness).
If borne out with future observations, these indications of an active Europan surface, with potential access to liquid water at depth, bolster the case for Europa's potential habitability and for future sampling of erupted material by spacecraft. Salinity and compositional gradients can affect the ice matrix, along with collapsing reservoirs, fracturing, and diapirism, all of which may provide access to shallow water. Our results further expand the case that activity may be ongoing since the Galileo mission.
